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IMAGE RECONSTRUCTION METHOD AND
APPARATUS

BACKGROUND

1. Field of the Invention

The mvention pertains to the field of diagnostic x-ray
imaging, including among other things, techniques for gen-
erating 1mages representative of structures within an object.

2. Description of Related Art

Real-time x-ray imaging 1s increasingly being required by
medical procedures as therapeutic technologies advance. For
example, many electro-physiologic cardiac procedures,
peripheral vascular procedures, PTCA procedures
(percutaneous transluminal catheter angioplasty), urological
procedures, and orthopedic procedures require the use of
real-time x-ray 1maging. In addition, modern medical pro-
cedures often require the use of instruments, such as
catheters, that are inserted into the human body. These
medical procedures often require the ability to discern
accurately locations of instruments that are mserted within
the human body, often 1n conjunction with an accurate image
of the surrounding body through the use of x-ray imaging.

A number of real-time X-ray 1maging systems are known.
These include fluoroscope-based systems where x-rays are
projected 1nto an object to be 1maged, and shadows caused
by relatively x-ray opaque matter within the object are
displayed on a fluoroscope located on the opposite side of
the object from the x-ray source. However, such systems
have great difficulty forming images that distinguish par-
ficular structures or regions within the depth of the object to
be imaged (i.e., where the image is “focused” upon particu-
lar structures or regions of interest within the object). This
1s due 1n part to the geometry of such fluoroscope-based
systems, 1n which the x-ray opaque properties of the entire
depth of the object contributes to the final 1mage, regardless
of the exact depth of specific x-ray opaque structures/regions
within the object.

One approach to generating an 1image of particular struc-
tures or regions within an object 1s provided by computed
tomography (“CT”) imaging systems. In operation, CT
systems perform multiple x-ray projections or x-ray mea-
surements of the object to be imaged from multiple angles.
The data from the multiple projections can be manipulated
to construct an 1image of a particular plane/slice within the
object. Multiple image planes/slices can be made a various
depths within the object by moving the CT imaging system
and the object relative to each other. However, conventional
CT systems are not able to generate a focussed 1mage of at
particular structure within an object 1f the structure of
interest lies across multiple 1mage planes/slices at various
depths within the object.

Another approach to X-ray imaging involves the use of
reverse-geometry X-ray imaging systems. In such systems,
an x-ray tube 1s employed 1 which an electron beam 1s
ogenerated and focussed upon a small spot on a relatively
large target assembly, emitting x-ray radiation from that
spot. The electron beam 1is deflected 1n a scan pattern over
the target assembly. A relatively small x-ray detector is
placed at a distance from the target assembly of the x-ray
tube. The x-ray detector converts x-rays that strike it into an
clectrical signal indicative of the amount of x-ray flux
detected at the detector. One advantage provided by reverse-
geometry systems 1s that the geometry of such systems
allows x-rays to be projected at an object from multiple
angles without requiring physical relocation of the x-ray
tube. However, the particular x-ray detector used in such
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systems often limits the spatial resolution of such systems,
thereby limiting the quality/range of images that can be
obtained. Moreover, known reverse-geometry X-ray imaging
systems do not have the functionality to generate a focussed
image of structures at various depths within an object.

Therefore, 1t 1s desired to create an 1maging system that
can generate an accurate representation of internal structures

within an object.

SUMMARY OF THE INVENTIONS

The present invention comprises an X-ray 1maging system
capable of local focusing to any depth within an object.
According to an aspect, the invention comprises a system for
generating a volume of data comprising 1mage information
for a plurality of depths with an object under investigation,
and selecting data from the volume of data to generate a
display 1mage. An aspect of the invention 1s directed to a
processor that 1s configured to receive X-ray transmissive
information for an object to generate 1mage pixel informa-
tion for a plurality of depths within the object. The display
image comprises selected 1mage pixel information corre-
sponding to 1image pixels at a plurality of depths within the
object.

Another aspect of the invention comprises articles of
manufacture comprising signals 1n an 1mage reconstruction
system, wherein one or more first signals comprises X-ray
fransmissiveness information for an object to be imaged, one
or more second signals comprises 1image pixel (or image
voxel) information for a plurality of depths within the object,
and one or more third signals comprises a display image
having data selected from the 1mage pixel nformation
corresponding to a plurality of depths with the object at
various depths within the object.

These and other objects, advantages and of aspects of the
present invention will become apparent to those of ordinary
skill in the art from a consideration of the drawings,
description, and claims of the 1invention contained herein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram showing components of an x-ray
imaging system according to the present inventions.

FIG. 2 depicts an x-ray path emanating from a single
aperture 1n a collimator grid and passing through an object
on 1ts way to a detector array.

FIG. 3 depicts multiple x-ray beam subpaths emanating,
from multiple apertures 1in a collimator grid and passing
through an object to a detector array.

FIG. 4 1s a diagram that shows the location of a plurality
of planes between a source plane and a detector plane
according to one embodiment of the present mventions.

FIG. 5 1s a diagram of showing the geometry between an
array ol regularly-spaced x-ray sources and an array of
detectors.

FIG. 6 1s a diagram illustrating x-ray beam subpaths
through an object to a detector array.

FIG. 7 1s a block diagram of an embodiment of an 1mage
reconstruction system according to the present inventions.

FIG. 8 1s a diagram of an 1mage preprocessor according,
to an embodiment of the present 1nventions.

FIG. 9 1s a diagram of an embodiment of an interface
module.

FIG. 10 1s a diagram of an embodiment of an image plane
reconstruction module.

FIG. 11 1s a diagram of a row processor module according,
to an embodiment of the present 1nventions.
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FIG. 12 1s a diagram of a row-to-column translator and
column processing unit according to an embodiment of the
present mventions.

FIG. 13a illustrates selection filtering according to an
embodiment of the invention.

FIG. 13b 1s a diagram of a selection input filter according,
to an embodiment of the present 1nventions.

FIGS. 144 and 14b illustrates selection gradient process-
ing according to an embodiment of the invention.

FIG. 14c¢ 1s a diaorarfa selection gradient processor
according to an embodiment of the present 1nventions.

FIG. 15 1s a diagram an embodiment of an 1mage selection
module.

DETAILED DESCRIPTION
System Overview

FIG. 1 1s a diagram showing the high level components of
an embodiment of a x-ray imaging system according to the
invention. X-ray source 10 includes an electron beam source
comprising a power supply which can operate x-ray source
10 at about —70 kV to —120 kV. In the present embodiment,
this voltage level produces a spectrum of x-rays ranging to
120 ke V. Electron beam 40, which 1s generated within x-ray
source 10 by a charged particle gun, 1s deflected over the
surface of a target assembly 50 (which is a grounded anode
in an embodiment of the invention) in a predetermined
pattern, €.g., a scanning or stepping pattern. X-ray source 10
includes a mechanism to control the movement of electron
beam 40 across target assembly 50, such as a deflection yoke
20 under the control of an electron beam pattern generator
30. One advantage provided by the geometry of x-ray source
10 1s that 1t allows x-rays to be projected at an object 100
from multiple angles without requiring physical relocation
of the x-ray source 10.

Apreferred x-ray source 10 1s disclosed in copending U .S.
patent application Ser. Nos. 09/167,524 and 09/167,399 No.
237/035) and a preferred target assembly 50 is disclosed in
copending U.S. patent application Ser. No. 09/167,523, now
U.S. Pat. No. 6,118,853, all filed concurrently with the
present application, all of which are incorporated by refer-
ence 1n their entirety. A method and apparatus for generating
and moving electron beam 40 across target assembly 50 1s
disclosed 1n commonly owned U.S. Pat. No. 5,644,612
which 1s 1ncorporated herein by reference 1n its entirety.

In FIG. 1, a collimating assembly 1s located between
target assembly 50 of x-ray source 10 and a multi-detector
array 60. In the preferred embodiment, the collimating
assembly 1s located between target assembly 50 and the
object 100 for which an image 1s to be obtained. The
presently preferred collimating assembly 1s collimator grid
70, containing a plurality of x-ray transmissive apertures 80
arranged 1n a grid pattern. Collimator grid 70 1s designed to
permit passage of x-rays forming a diverging beam 1335 that
directly 1ntercepts multi-detector array 60. In an
embodiment, collimator grid 70 utilizes a cooling assembly
and beam hardening filters. Examples of preferred collima-
tor grids and beam hardening filters that can be utilized 1n
the 1nvention include these depicted and disclosed 1n
copending U.S. patent application Serial No. [Not Yet
Assigned] (attorney docket no. 219/160), and U.S. patent
application Ser. No. 09/167,639 filed concurrently with the
present application, both of which are hereby incorporated
by reference 1n their entirety.

In operation, electron beam 40 preferably dwells at loca-
tion 110 on target assembly 50 which 1s located substantially
at a position where the axis 90 for a particular aperture 120
of collimator grid 70 intersects the target assembly 50. As
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the electron beam 40 strikes target assembly 50 at location
110, a cascade of x-rays 130 1s emitted. Only the portion of
the cascade of x-rays 130 whose path lies substantially along
ax1s 90 pass through aperture 120 and form a diverging x-ray
beam 135. The shape of x-ray beam 1335 1s influenced by the
shape of aperture 120. For instance, if the aperture 1s square
the x-ray beam 135 takes on a generally truncated pyramidal
shape. If the aperture 1s circular, x-ray beam 135 takes on a
oenerally conical shape. In a preferred embodiment, the
shape and area of the aperture 1s such that the area of
maximum divergence of the x-ray beam 135 is substantially
the same as the dimensions of the x-ray capture surface for
multi-detector array 60.

Multi-detector array 60 comprises a plurality of discrete
detectors (referred to herein as “detector elements”) 61
arranged 1n an array. Each detector element 61 includes a
X-ray surface having a capture area for detecting X-rays.
Each detector element 1s capable of independently measur-
ing the amount of x-rays that strike 1t. When an object 100
1s 1nterposed between the x-ray source 10 and the multi-
detector array 60, some of the x-rays in x-ray beam 135 will
pass through a portion of object 100, and if not scattered or
absorbed, will strike the detector elements that make up
multi-detector array 60). The x-rays that strike any individual
detector element comprise a portion of x-ray beam 135 that
1s referred to herein as an x-ray beam subpath.

In a preferred embodiment, each detector element com-
prises components for measuring the quantity of x-ray
photons that strike the detector element and outputting a
signal representative of that measurement. Alternatively,
cach detector element includes components for generating
an electrical signal generally proportional to the total energy
of the x-rays that strike the detector element. The magnitude
of the generated electrical signals corresponds to the flux
intensity of the x-rays from the appropriate x-ray beam
subpath of x-ray beam 135. Utilizing a multi-detector array
60 that independently measures the x-rays which strike each
detector element results in the generation of x-ray transmis-
siveness information that is proportional to the x-ray flux
passing through object 100 alone particular x-ray beam
subpaths. The resulting intensity data can be used or
manipulated to create a representation of object 100, 1.€. a
representation of the x-ray transmissiveness of object 100,
which can be displayed on monitor 140. The presently
preferred detector array 1s disclosed and described 1n cor-
responding U.S. application Ser. No. 09/167,397 and U.S.
application Ser. No. 09/167,318 {iled concurrently herewith,
both of which are mcorporated by reference in their entirety.

In one embodiment, the number of apertures 80 in colli-
mator grid 70 corresponds to the number of 1image pixels that
are to be displayed on monitor 140 or other visual d1 splay
devices that can be connected to the video output of the
X-ray 1maging system. Alternatively, the image pixel to
aperture ratio 1s increased, so that the number of apertures
are less than the number of 1mage pixels that are displayed
on a display device. An “object pixel,” for purposes of this
discussion, 1s an area 1n a plane of the object about which
information 1s being collected. An 1mage pixel 1s a picture
clement that 1s an 1mage representation of one or more object
pixels. The presently preferred number of apertures 1s
10,000 arranged mm a 100 by 100 grid. The number of
apertures suggested above 1s for illustrative purpose only
and depends on the particular application to which the
invention 1s directed.

X-ray transmissiveness information obtained from the
detector elements 61 pertinent to specific 1mage pixels are
reconstructed by 1image reconstruction system 65, as will be
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described 1n further detail below. In an embodiment, image
reconstruction system 65 also performs control functions
and display preparation for the x-ray i1maging system.
Operational instructions and control of the x-ray source 10,
detector 60 and 1mage reconstruction system 635 are made
through a control workstation 150. Control workstation 150
also receives operational and status information from the
various components of the x-ray imaging system.

For certain applications it may be desirable or necessary
to utilize more x-ray flux for each area of object 100 than can
be obtained from a single emission from a single aperture.
This may occur, for example, if the target assembly material
1s unable to withstand sufficient electron beam bombardment
at one emission (e.g., because of heat generated by the
bombardment) necessary to generate the desired amount of
x-ray flux. In these applications, multiple smaller x-ray
emissions from a single aperture can be performed. The
additional x-ray flux can create a potentially more accurate
image by decreasing quantum noise. The preferred methods
and patterns of stepping eclectron beam 40 across target
assembly 50 1s described more fully in copending Patent
Application Serial No. [ Not Yet Assigned] (Attorney Docket
No. 221/261) and patent application Ser. No. 09/1676,397,
both filed concurrently with this patent application, both of
which are incorporated herein by reference in their entirety.

In many reverse-geometry x-ray systems, the spatial reso-
lution of the resulting 1mage 1s 1n large part determined by
the capture area of a single detector. Generally speaking, a
non-segmented detector with a small capture area can pro-
vide high spatial resolution and poor collection efficiency
(i.c., the ratio of the meaningful photons passing through the
object to the total number of photons passing through the
object), while a non-segmented detector with a large capture
arca provides high collection efficiency and poor spatial
resolution. To address this problem, the present mmvention
utilizes a multi-detector array having a relatively large
capture area that comprises a plurality of mndividual detec-
tors with each detector having a relatively small capture
area.

Image Reconstruction

Referring to FIG. 2, a diverging x-ray beam path 200 1s
depicted emanating from an aperture 210 of a collimator
orid 221 and extending to a multi-detector array 220. The
x-ray beam path 200 passes through an object 230 on 1ts way
to the multidetector array 220. The x-ray beam path 200
intersects object 230 at various planes of interest, such as
object plane 250.

X-rays traveling along x-ray beam path 200 diverge after
exiting aperture 210, preferably having a cross sectional area
varying from a minimum area approximately equal to the
size of the aperture up to a maximum area approximately
equal to an areca covering the detection surface of multi-
detector array 220. In an embodiment, multi-detector array
220 1s positioned such that the maximum surface area of
x-ray beam path 200 only covers the total capture area of the
multi-detector array 220 without extending beyond this area.
This mimimizes the generation of xX-rays that provide no
meaningiul 1mage mmformation.

X-ray beam subpaths 270a, 270b, 270c, 270d, 270¢, and
270f are defined by the capture size and quantity of the
various detector elements that comprise multi-detector array
220. The shape of the volume of the x-ray beam subpath 1s
essentially defined by the shape of the detector elements. In
other words an x-ray beam subpath (e.g., x-ray beam sub-
path 270c) is the volume defined by the elongated shape
having a truncated apex at an aperture 210 and a base having
an area of the capture area of a detector element 280. If the
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detector element capture area 1s round, the shape of an x-ray
beam subpath 1s substantially conical. If the detector ele-
ment capture-area 15 square, the shape of an x-ray beam
subpath 1s substantially pyramidal.

Object pixel 240 1s an area within plane of interest 250.
When a reconstructed 1mage 1s displayed, object pixel 240
could be represented by a particular image pixel which is
constructed using information obtained from certain x-ray
beam subpaths that intersect object pixel 240.

Each detector element 280 of multi-detector array 220
detects x-rays that have passed through object 230 for a
particular portion of x-ray beam path 200. The quantity of
x-rays detected at a detector element 280 provides 1nforma-
fion about the x-ray transmissiveness for object 230 at a
particular object pixel 240. The x-ray beam path 200 from
cach aperture 210 provides information to create a group of
discrete pieces of mnformation concerning the x-ray trans-
missiveness of the object. The number of discrete pieces of
information generated for x-ray beams emanating from a
single aperture corresponds to the number of individual
detector elements 280 1n the multi-detector array 220. The
presently preferred detector array 1s comprised of 48 by 48
detector elements. Thus, for each x-ray beam 200 emanating
from an aperture 210, this results 1n 2,304 discrete pieces of
information concerning the x-ray transmissiveness of object
pixels for an object plane defined within the object. The
X-ray transmissiveness information obtained by the detector
clements from each of the x-ray beam subpaths 1s available
for use 1n generating 1mage pixel information.

Imaging data for object pixels can be generated by
collecting x-ray transmissiveness information measured for
x-ray beam subpaths that intersect a particular object pixel
on a particular plane of interest. Depending on the plane of
interest chosen, the intersection of the subpaths on that plane
of interest may not be fully coincident but may be only
partially coincident. Referring to FIG. 3, shown are x-ray

beam subpaths 330a, 3305, 330c, 330d, 330¢, and 330f
emanating from apertures 300a, 30056, 300c, 300d, 300¢ and
300/ respectively. Each of these x-ray beam subpaths are
portions of their respective x-ray beams that are either
completely or partially coincident with object pixel 320 on
a plane of interest 325. By taking into consideration the
X-ray transmissiveness mmformation obtained by the detec-
tors 335a—c for x-ray beam subpaths 330a—f (along with any
other x-ray beam subpath-detector combinations that pro-
vide relevant information about object pixel 320), image
data that accurately represents the x-ray transmissiveness of
an object at object pixel 320 can be reconstructed.

As depicted 1 FIG. 4, there are numerous planes parallel
to the source plane 350 and detector plane 355. Some of the
parallel planes are located where multiple x-ray beam sub-
paths are fully coincident through regularly-spaced areas in
the plane. These planes are referred to as focal planes and the
regularly spaced areas within the plane can be 1dentified as
object pixels. Examples of focal planes in FIG. 4 are planes
360, 362, and 364. Each focal plane comprises characteris-
tics which differ from other focal planes, including distance
from the source, pitch of the object pixels, and specific areas
of the object that intersects the focal plane. Non-focal planes
365 are located between any two focal planes, and in these
non-focal planes, x-ray beam subpaths emanating from the
source plane are only partially coincident with each other.

Referring to FIG. §, a method 1s provided to reconstruct
both focal and non-focal planes as two-dimensional planes
of object pixels. Consistent with the invention, an array of
X-ray beam source locations, preferably a rectangular array

of SOURCE, by SOURCE, sources with a pitch A 1n both
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the x- and y-directions, 1s used with an array of detectors,
preferably a square array of DET, by DET, detectors on a
pitch A, 1n both the x- and y-directions. In an embodiment,
cach source 1s a separate aperture within a collimation grid
that emanates an x-ray beam path that covers the capture
surface of the multi-detector array. Each x-ray beam path 1s
divided into a plurality of x-ray beam subpaths, with the
X-rays 1n each x-ray beam subpath providing intensity data
to a smgle detector element. Thus, there are DET *DET,
X-ray beam subpaths per x-ray path and

SOURCE,*SOURCE, x-ray beam paths for a total of
DET_*DET, *SOURCE, *SOURCE, x-ray beam subpaths

from all sources in the array of sources. INTENSITY(1,),k,1)
represents the intensity data for x-rays detected at a detector
DET(i,)) from x-rays generated by a SOURCE(k,).

A focal plane can be described by a pair of natural
numbers (integer>1) m and n where m™ ., and n* A_ are the
baseline lengths of similar triangles. However, any plane
whether focal or non-focal can be reconstructed by use of the
present invention. All that 1s required 1n order to reconstruct
a plane 1s that the plane being reconstructed be capable of
being described by values of m and n which are real numbers
oreater than zero.

7., represents the distance from the source plane 350 to the
detector plane 35S while Z,, represents the distance from the
source plane 350 to a particular object plane 330. Therefore,
the distance Z,, is described by the values of m,n and can be
expressed as:

HEPR
Lpim, ) =24 i EQ.1

xAs + s Ay

According to an embodiment of the 1nvention, reconstruc-
fion of a two-dimensional array of image pixels IMAGE
(m,n) at an object plane defined by m and n can be
performed by creating an array of an 1mage pixel values
corresponding to object pixels on the plane. The image pixel
values are generated by mathematically manipulating each
value of INTENSITY (i, j, k, 1) that corresponds to a
particular object pixel on the object plane. In an
embodiment, the values of INTENSITY (i,,k,l) for each
object pixel are summed to generate the image pixels for an
object plane. In the present embodiment, each value of
INTENSITY (i,,k,]) is summed into the appropriate image
pixel defined by IMAGE (1*n+k*m, j*n+1*m).

In the case of a non-focal plane, any value which 1s not a
whole number 1s preferably assigned to the appropriate
image pixel based upon the conventional rules of rounding
to the whole number. For example, in reconstructing the
m=10 and n=1.33 plane, an x-ray beam subpath from a
source having the x-y indices (1,1) projecting onto a detector
element having the x-y indices (1,2) (which is represented as
INTENSITY (1,2,1,1)) corresponds to an object pixel at
coordinates (1*1.33+1*10, 2*1.33+41*10) or (11.3, 12.7).
This x-ray beam subpath passes through and contains infor-
mation regarding object pixels at coordinates (11, 12), (12,

12), (11, 13), and (12, 13). Thus, the x-ray transmissiveness
value obtained from INTENSITY (1,2, 1,1) could be
assigned to any of the image pixels at coordinates (11,12),
(12,12), (11,13) and/or (12,13). It 1s presently preferred that
the normal rules of rounding apply and object pixel (11.3,
12.7) 1s assigned to image pixel (11,13). It should be noted
that other methods of assigning x-ray beam subpaths to
image pixel coordinates can be employed without departing
from the scope of the present invention.

The maximum x- and y-indices of array IMAGE (m,n)

can be expressed as DET, *n+SOURCE, *m and DET, *n+
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SOURCE,*m respectively. In the present embodiment, mul-
tiplying the baselines of the similar triangles, €.g., doubling
or tripling them, does not change the position of the resulting
plane to be 1maged.

The pitch A of object pixels 1n a particular object plane
Z,, (m,n) can be expressed as follows:

Ad

Z,(m, n)
iy = =4 2 EQ. 2(a)
A
_ M, s EQ. 2(b)
n AxA, +m=xAy
_ Aaxdy EQ. 2(c)

C REA+mEAy

In an embodiment, every m” detector in the x- and
y-directions provides intensity information for use in recon-
structing one or more selected object pixels 1n an object
plane. Therefore, there are approximately DET;;*‘DET},/m2
detectors or x-ray beam subpaths that provide intensity
information per object pixel. Since the total number of x-ray
beam subpaths 1n the present embodiment 1s
DET *DET *SOURCE,*SOURCE,, the number of object
pixels 1 an object plane about which x-ray transmissiveness
information can be obtained for use in reconstructing an
image can be expressed as:

DET, = DET, + SOURCE, = SOURCE,
DET, = DET, [m? B

EQ. 3

SOURCE, * SOURCE, = m*

Due to the fact that the object pixels around the perimeter
of the intersection area do not receive complete intensity
information (i.e., the number of detector elements measuring
the amount of flux passing through these object pixels are
less than for other object pixels), the number of object pixels
in an object plane providing meaningful intensity informa-
tion may be slightly lower than the above number.

For example, the n=1.33 and m=10 plane 1 a system with
a 100x100 array of sources has 1,000,000 (100x100x107)
object pixels 1n any object plane. Furthermore, the m=10 and
n=1.33 plane has 23,040,000 (48x48x100x100) x-ray beam
subpaths if a 48x48 array of detector elements 1s used. In this
example, there should be approximately 23 x-ray beam
subpaths which are completely or partially coincident to
cach object pixel. However, due to the geometry of the
system, object pixels on the edge of the object plane may
have less than 23 x-ray beam subpaths which are completely

or partially coincident to them.
When the size of the source array 1s SOURCE _* A_ by

SOURCE,* A, the size of the ficld of view at a particular
object plane can be expressed as:

7 7
SOURCE, =, :{1 - Z—p]by SOURCE, # A, :4:(1 - Z_P] EQ.4
d d

The field of view can be changed by using some as
opposed to all of the sources of the source array. By using
a smaller number of apertures located 1n a certain area of the
collimator grid, the area to be 1maged can be made smaller.

In constructing each image plane, the X-ray transmissive-
ness information should be processed such that it 1s always
associlated with the image pixel to which 1t has been
assigned. In addition, 1f the preferred stepping pattern of the
clectron beam 1s utilized, each aperture will emit x-rays
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more than one time for the creation of a single frame and
cach detector element will provide x-ray transmissiveness
information assigned to the same i1mage pixel more than
once. In this situation, 1t 1s presently preferred that x-ray
fransmissiveness information obtained from the same detec-
tfor element from X-rays emanating from the same aperture
in the same frame 1s combined together prior to combination
with other X-ray transmissiveness mnformation assigned to
the same 1mage pixels that resulted from x-rays that ema-
nated from other apertures in that frame.

The present invention takes into account that i1t is not
really a two-dimensional plane which 1s constructed by
mathematically combining related x-ray beam subpaths, but
a volume slice having some depth. X-ray absorbency, mea-
sured as X-ray intensity by the detector elements, 15 a
measure according to depth. Without measuring x-ray absor-
bency over a depth, there would be little or no contrast
between object regions of different density. Thus, a recon-
structed 1mage array represents a two dimensional object
plane within a reconstructed “slice”. A slice 1s a substantially
planar region within the object having some depth. The term
“voxel” refers to a volume element located within a slice of
the object to be 1maged.

The 1mage reconstruction method of the present invention
generates information for a wide variety of planes and slices
at numerous positions between the source and detector
planes. The ability to reconstruct a wide variety of planes/
slices 1s used to generate 1mages of particular areas of the
object by selecting a suitable slice near the region of 1nterest
of the object, without having to change the respective
positions of the source and detector.

The 1mage reconstruction method also increases the effec-
five depth of field of a generated 1image by providing the
capability to reconstruct multiple planes/slices 1n a region of
interest. The 1mage planes, which represent reconstructed
slices, can be combined to produce a single array of 1mage
pixels with high spatial resolution i1n the area of interest.

Referring to FIG. 6, a first x-ray beam subpath 400 and
second x-ray beam subpath 405 are M o of many x-ray beam
subpaths emanating from a first aperture 410 of collimation
orid 412. The remaining x-ray beam subpaths are not shown
for the sake of clarity and explanation. Some of the x-rays
that travel along first x-ray beam subpath 400 and second
x-ray beam subpath 405 pass through object 415 and strike
detectors 425 and 427, respectively, of multi-detector array
420. The information provided to detector 425 by x-rays
traveling along first x-ray beam subpath 400 does not
correspond to any single point within object 415, rather the
path of the first x-ran beam subpath 400 as it passes through
the object 415 forms a volume which intersects first slice
430, second slice 435, and third slice 440. Particularly,
X-rays traveling along first x-ray beam subpath 400 creates
a volume which 1s completely or partially comncident with
first voxel 445, second voxel 450, and third voxel 455. For
the purposes of reconstruction, the mformation obtained by
detector 425 from x-ray beam subpath 400 can be used to
generate an 1mage pixel representing first voxel 445 1n an
image plane representing slice 430, can be used to generate
an 1mage pixel representing second voxel 450 1n an 1mage
plane representing slice 435, and/or can be used to generate
an 1mage pixel representing third voxel 455 1 an 1mage
plane representing slice 440. From this data, image planes
are created using the methods described with respect to
FIGS. 2-6.

With respect to second x-ray beam subpath 4035, the
information provided by detector 427 can be used to gen-
erate an 1mage pixel representing fourth voxel 460 1n an

10

15

20

25

30

35

40

45

50

55

60

65

10

image plane representing slice 430, can be used to generate
an 1mage pixel representing fifth voxel 465 1n an 1mage
plane representing slice 435, and/or can be used to generate
an 1mage pixel representing sixth voxel 470 1n an 1mage
plane representing slice 4440).

A third x-ray beam subpath 475 and fourth x-ray beam
subpath 480 are two of many x-ray beam subpaths emanat-
ing from a second aperture 485. The remaining x-ray beam
subpaths emanating from second aperture 485 are not shown
for the sake of clarity and explanation. Some of the x-rays
that travel along x-ray beam subpath 475 and x-ray beam
subpath 480 pass through object 415 and strike detectors 490
and 491, respectively. The intensity information provided to
detector 490 by x-rays traveling along third x-ray beam
subpath 480 does not correspond to any single point within
object 415, rather the intensity information is an aggregation
of information for a volume that insects all plane/slices
between collimation grid 412 and multi-detector array 420,
including the planes/slices containing voxels 476, 477, and

478.

In an embodiment, an 1mage pixel 1s created by combin-
ing or summing the intensity for a voxel from all of the
detectors that detect x-rays traveling along x-ray beam
subpaths that are completely or partially coincident with that
particular voxel and have been assigned to that voxel for the
purpose of reconstruction. For example, an 1mage pixel
representing sixth voxel 470 would include intensity data
collected by detector 427 from x-ray beam subpaths 405 and
intensity data collected by detector 490 from x-ray beam
subpath 475.

The preferred reconstruction method individually recon-
structs a number of slices stmultaneously. In the example of
FIG. 6, slices 430, 435 and 440 are reconstructed
individually, and the various 1mage pixels/voxels that make
up each slice are combined or otherwise manipulated to
create an array of display pixels for producing an 1mage on
a display monitor or film.

The 1mage pixels of the reconstructed slices, can be stored
In a memory as 1image planes, and can be used to display an
image on a two dimensional display. A two dimensional
display 1s composed of the array of display pixels that each
represent a position on the display. The display pixels have
only two dimensions, x and y, whereas the image pixels have
not only x and y coordinates but also a z coordinate
corresponding to the distance of the image pixel from the
source (or detector). For example, the image pixels in the
slice closest to the source can be assigned a z value of 1 and
the 1mage pixels 1n the 1image slice farthest from the source
can be assigned a z value of p, where p 1s the total number
of 1mage slices created.

If an 1mage on a two dimensional display is created by
combining all the 1mage planes/slices together, the display
pixels may appear as an image with indistinct edges. This 1s
because the 1mage displayed may not correspond to only one
or two 1mage pixels but to all of the 1mage pixels that have
the same x and y coordinates on differing 1mage planes/
slices. In order to view meaningful 1mages, preferably only
one 1mage pixel out of a number of 1mage pixels having a
different z coordinates but having the same x and y coordi-
nates 1s selected for display as a display pixel. A display
image 1s formed from a set of these selected 1mage pixels
corresponding to particular X,y coordinates on a display
device. Note that when using the invention, the display
image can focus upon more than one region or structure of
interest at multiple depths within an object that i1s being
imaged.

Alternatively, it 1s possible to form part of the display
image by combining one or more 1mage pixels having the
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same X and y coordinates from different image planes/slices.
The combined intensity data for the image pixels having the
same X and y coordinates but different z coordinates can be
displayed as a single display pixel with the appropriate x-y
coordinates. Combining 1mage pixels from two or more
planes/slices can be performed 1f relevant information about
the object(s) under investigation is located on multiple
image planes/slices, and 1if 1t 1s more appropriate to form a
display pixel representing the multiple sets of information
than 1t 1s to select only one of the 1mage pixels for display.

There are a number of methods that can be used to select
which of the image pixels that have the same x and y
coordinates but different z coordinates corresponding to
different 1mage planes/slices to display. A currently pre-
ferred method for selection 1s a maximum 1ntensity projec-
tion algorithm. For each set of image pixels which have the
same X and y coordinates but a different z coordinate, the
maximum X-ray intensity projection algorithm selects the
image pixel that has the greatest intensity value from the set.
This 1image pixel which has the maximum x-ray intensity or
luminance value 1s then displayed on the display as a display
pixel having the appropriate X and y coordinates.

An alternative algorithm 1s a minimum 1ntensity projec-
tion algorithm that selects for display the image pixel of the
set of 1mage pixels having the same x and y coordinates but
different z coordinates that has the lowest intensity or
luminance value.

Another method for selecting which of the 1image pixels
that have the same x and y coordinates but different z
coordinates corresponding to different image planes/slices to
display involves selection of a portion of a plane/slice which
has the greatest contrast in a particular region 1n order to
display an object 1n the field of view.

Another method for selecting which of the image pixels
that have the same X and y coordinates but different z
coordinates corresponding to different image planes/slices to
display involves selection of a portion of a plane/slice which
has the greatest energy within a particular spatial frequency
range 1n a particular region 1n order to display an object in
a field of view.

Yet another method for selecting which of the image pixel
that have the same x and y coordinates but different z
coordinates corresponding to different image planes/slices to
display involves selection of a portion of a plane/slice which
has the greatest detail 1n a particular region in order to
display an object 1n the field of view. In an embodiment of
this approach, for each image pixel (I,.,)), two of the nearest
neighbors are used to determine the slope as follows:

SleE = \/(Ix,y - Ix—kl,y)z + (Ix,y — Ix,y—kl)z EQ J

An alternate slope or gradient determination can be per-
formed 1 which the absolute value of the difference of
adjacent or otherwise neighboring pixels are calculated to
determine the slope. For example, the following equation
can be used to determine the slope:

Slﬂpe‘=|Ix,y_I;-:+1,y|+|1x,y_lx,y+1| EQ 6

The image pixel (I.,) that has the largest slope of the
ogroup having the same x,y but different z coordinates 1s then
chosen for display. Other slope calculations may be utilized
within the scope of the invention, including taking into
account 1mage pixels within the same vicinity or other
methods of calculating, including weighting the image pixel
slope values depending on the positioning of the image
pixels.
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In an alternative embodiment, it 1s possible that a display
1s created by selecting all of the 1mage pixels from a single
image plane for display. In an embodiment, the single plane
selected 1s the one which has the greatest contrast within the
plane as a whole.

It 1s further possible to combine any two or more of the
disclosed methods depending upon the needs of the particu-
lar use or application.

Note that the foregoing methods for selecting which of the
image pixels that have the same x and y coordinates but
different z coordinates corresponding to different image
planes/slices to display can be equally applied to other
imaging modalities that reconstruct planes/slices (or other
types of imaging data) at various depths within an object.
For example, the methods can be applied to multi-slice CT
data to display an 1mage of an object in the field of view.
Image Reconstruction System

FIG. 7 depicts a block diagram of an embodiment of
image reconstruction system 635. The 1mage reconstruction
system 65 comprises a PCI interface 1010 which connects to
a control workstation 150. In an embodiment, a detection
module 700 comprises the components of multi-detector
array 60 and receives x-ray transmissiveness information.
Alternatively, multi-detector array 60 is physically separate
from the 1mage reconstruction system 635 and the detection
module 700 comprises components to receive data signals
from the multi-detector array 60. Image reconstruction chas-
sis 1005 comprises an interface module 710, one or more
plane reconstruction modules 730, an 1image selection mod-
ule 750 and an image preprocessor 760. The various com-
ponents on the 1mage reconstruction chassis 1005 are inter-
connected via one or more busses 1100, which also include
control lines. Video post processor 770 1s coupled to display
monitors 1080. In an embodiment, each of the above com-
ponents can be implemented utilizing Field Programmable
Gate Arrays, however any circuitry, chip or hardware/
software combination which can implement the described
functions can be used without departing from the scope of
the present inventions.

Detection module 700 can operate 1n a number of modes
which effect whether and how the detection module com-
bines the x-ray transmissiveness information obtained from
the multi-detector array 60 and when the X-ray transmis-
siveness Information 1s output to 1nterface module 710. The
modes include: (1) An image acquisition mode in which the
X-ray transmissiveness information detected at the detector
array are output to interface module 710 for image process-
ing; (2) A sensor mode where the x-ray transmissiveness
information is input for diagnostic purposes; (3) An align-
ment mode where the x-ray transmissiveness information
obtained by the multi-detector 60 1s used to align the
clectron beam position on the target assembly with the
apertures of the collimator grid; and (4) An image test mode
where X-ray transmissiveness information 1s combined 1n the
same way as 1n 1mage acquisition mode, but the x-ray
transmissiveness 1nformation 1s transmitted to interface
module 710 only 1n response to a specific timing control
signal. More details regarding these 1maging modes are
described in copending U.S. application Ser. No. 09/167,
397, filed concurrently herewith, which 1s hereby incorpo-
rated by reference 1n its entirety.

FIG. 9 diagrams an embodiment of an interface module
710. Signals representing x-ray transmissiveness informa-
tion sent from detection module 700 to mterface module 710
1s received and demultiplexed by data receiver 718. The
X-ray transmissiveness information received by data

receiver 718 1s serially fed into FIFO memory 720. FIFO
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memory 720 regulates the transfer of data that 1s sent to
sensor data processor 722. If the imaging system 1s 1n 1mage
acquisition mode, then signals representing x-ray transmis-
siveness Information 1s passed from sensor data processor
722 to the plane reconstruction modules 730. If the 1maging
system 1s 1n sensor or alignment modes, then sensor data
processor 722 sends x-ray transmissiveness information to a
sensor and alignment memory 714. Sensor and alignment
memory 714 stores information for transmission to control
workstation 150 when the detection module 700 1s operated
in alignment or sensor mode. Line pointer memory 716
stores control information received from control workstation
150 that represents the order and stepping pattern of the
clectron beam and provides signals representing this mfor-
mation to detection module 700. Interface controller 712
receives and transmits signals between the interface module
710 and control workstation 150, and also transmits signals
to the detection module 700.

FIG. 10 depicts an embodiment of a plane reconstruction
module 730. Each plane reconstruction module 730 recon-
structs an array of image pixels for a single plane at a
particular depth between the x-ray source and detector array.
The 1mage reconstruction system 65 can employ a plurality
of plane reconstruction modules 730 to reconstruct a plu-
rality of 1mage arrays for planes at various depths between
the x-ray source and detector array. The preferred embodi-
ment comprises 16 separate plane reconstruction modules
730 that each reconstructs an 1mage array for a single plane.
In an alternate embodiment, each plane reconstruction mod-
ule comprises components to reconstruct two or more 1mage
arrays for a corresponding number of image planes. Each
plane reconstruction module 730 includes a reconstruction
processor 1300, a correction look-up table 1310, an 1mage
frame buffer 1330, a selection processor 1340, and a selected
plane driver 1340.

Reconstruction processor 1300 includes circuitry for gen-
erating an array ol image pixels representing a particular
object plane according the methods described with respect to
FIGS. 2—-6. Reconstruction processor 1300, which prefer-
ably operates at a 50 MHz clock, processes data received
from mterface module 710 that correspond to x-ray trans-
missiveness information detected at the multi-detector array
60. In the preferred embodiment, for x-ray subpaths that are
assigned to the same i1mage pixel 1n an 1mage plane are
combined to generate data for a single 1mage pixel. This
process 1s repeated for each 1mage pixel 1n the 1image plane.
The output of the reconstruction processor 1300 1s an x by
y array of 1mage pixel information for an 1image plane.

Signals representing the image pixel information is output
from reconstruction processor 1300 to correction look-up
table 1310. Correction look-up table 1310 provides correc-
tion for defects in the image pixel information. For example,
such 1imaging defects may occur due to the process of
mapping items of X-ray transmissiveness information to
image pixel values, 1n which certain 1image pixels have an
inaccurate value relative to other image pixels because they
receive more or less x-ray transmissiveness information than
the other 1mage pixels. As another example, various manu-
facturing and design defects/tolerances in the components of
the multi-detector array 60 may result in the generation of
image information that 1s not entirely accurate. A particular
detector element may be defectively manufactured, which
always causes a resulting image pixel at coordinate (50,50)
to have a value that 1s 5% too high. Prior to use of image
reconstruction system 635, the correction look-up table 1310
1s programmed with calibration setting to correct for any
imaging defects. The look up table 1310 normalizes the
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image pixel values to correct for any image defects that
appear when the system 1s operated without an object 1n the
field of view. Thus, for the image array having an image
pixel that 1s always 5% too high, the correction look-up table
1310 1s programmed to reduce that incorrect image element
by the appropriate amount to generate an accurate 1mage
pixel value.

The 1mage frame buifer 1320, which preferably operates
on a 50 MHz clock, stores the 1mage pixels after normal-
1zation by the look-up table 1310. In the preferred embodi-
ment the image buifer 1s a single memory, however, 1t may
be replaced with a number of smaller memories or shift
registers.

A selection processor 1340 receives the corrected image
pixel information from 1mage frame buffer 1330. Selection
processor 1340 contains circuits to process the pixels 1n an
image plane to assist in determining which of the image
pixels at a particular x and y coordinate from the various
image planes are chosen for display. The prior section
entitled “Image Reconstruction” described several methods
that are applicable to select which of the 1mage pixels that
have the same x and y coordinates but different z coordinates
corresponding to different 1mage planes are displayed. For
example, one method 1nvolves calculating the gradient or
slope of an 1mage pixel with its neighboring image pixels to
select display pixels for a particular portion of a display
image. In the preferred embodiment, the selection processor
produces a quantifiable “selection” or gradient value for
cach 1image pixel that can be compared with gradient values
for pixels on other image planes to determine which will be
selected for display.

The selection or gradient values for all pixels that are
reconstructed in the 1mage reconstruction system 635 are sent
to an image selection module 1050 (FIG. 7). The image
selection module 1050 compares the selection or gradient
values that 1t receives to select one of the reconstructed
image pixels for display. The particular plane reconstruction
module 730 that reconstructs the image plane containing the
selected 1image pixel 1s notified of this selection via selected
plane driver 1340. The selected plane driver 1340 for that
particular plane reconstruction module 730 then outputs the
image information for the selected image pixel to the 1mage
processor 1060 for display.

Each reconstruction processor 1300 preferably comprises
a row processor 1415, a row-to-column translator 1420, and
a column processor 1430. The reconstruction processor
1300 takes x-ray transmissiveness information received by
an array of detector elements for successive illuminations by
an x-ray source, and converts that information to an array of
image pixels. In the preferred embodiment, the x-ray source
comprises a 100 by 100 array of x-ray source locations and
a 48 by 48 array of detector elements. The reconstruction
processor 1300 converts streams of 48 by 48 1image 1nfor-
mation arrays mto smaller arrays of 1image pixel informa-
tion. In the presently preferred embodiment, for each 48 by
48 array of x-ray transmissiveness information received for
a single illumination, a 10 by 10 array of image pixels 1s
ogenerated. This 10 by 10 array of image pixel information 1s
generated by combining the most recent 48 by 48 array of
X-ray transmissiveness mnformation with portions of previ-
ously received 48 by 48 arrays of X-ray transmissiveness
information that relate to 1mage pixels within this 10 by 10
array of 1mage pixels. Therefore, for a 100 by 100 array of
X-ray source locations, an embodiment of the invention
generates a 1000 by 1000 array of image pixels (which is
(100*100 x-ray source locations)*(10*10 image pixels per
source location)).

I
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In the preferred embodiment, the row processor 1415
receives a stream of data representing 48 by 48 arrays of
image information, and processes this 1mage 1nformation to
combine 1nformation from various rows that relate to the
same 1mage pixel to generate a 10 row by 48 column array
of 1mage pixel information. The row-to-column translator
1420 and column processor 1430 then takes the 10 row by
48 column output of the row processor 1415 to combine
image information from various columns that relate to the
same 1mage pixel. The output of the column processor 1430
1s a 10 row by 10 column array of image pixel information
for a particular image plane for a particular x-ray source
location or collimator aperture.

FIG. 11 depicts an embodiment of a row processor
module 1100. The embodiment described with reference to
FIG. 11 processes information for a single row of detector
clements. Thus, row processor 1415 comprises forty-cight
(48) row processor modules 1100 to process forty eight (48)
rows of mformation received from the multi-detector array.
X-ray transmissiveness 1nformation for a row of detector
clements 1s received through an mnput register 1610 and gate
1620. Image information from different detector elements
that relate to the same 1mage pixel are combined by an adder
1600. The pixel information generated by adder 1600 1s fed
to a row adder memory. In an embodiment, row adder
memory 1s a 128 word memory, comprised of four separate
32 word, 7 bit memories 1632, 1634, 1636 and 1638.

If pixel mnformation has already been received for a
particular 1mage pixel, but that pixel information 1s 1ncom-
plete because there 1s further image information for that
image pixel that has not yet arrived, then that incomplete
pixel mformation 1s stored within memories 1632, 1634,
1636, or 1638. When new 1mage information for that same
image pixel arrives at adder 1600, then the previously stored
pixel information 1s selectively passed through multiplexor
1640 to the adder 1600 to be combined with the new 1image
information. If all the 1mage 1nformation that 1s expected to
arrive for a particular 1image pixel has already been
processed, then the pixel information for that image pixel 1s
passed through multiplexor 1640 to a word memory 1650.
The particular memory 1632, 1634, 1636, or 1638 that stores
this information can thereafter be re-used to hold pixel
information for another 1image pixel. Word memory 1650
stores the pixel mmformation for image pixels which will not
receive any further x-ray transmissiveness mformation from
any of the detectors 1n the row of detectors associated with
the row processor 1100. This pixel information 1s then sent
to the row-to-column translator 1420 and column processor
1430.

As stated above, the output of the row processor 1415 1s
a 10 row by 48 column array of information. This 10 by 48
array ol information 1s processed by the row-to-column
translator 1420 and column processor 1430 to generate a 10
row by 10 column array of image pixel information for a
particular object plane. The i1mage pixel mformation 1s
output from row-to-column translator 1420 into the column
processor 1430 such that all of the partial 1image pixel
information 1n one column of row-to-column translator 1420
1s output to one column processor. Preferably, the number of
column processors 1430 utilized 1s equal to the m value of
the 1image plane being reconstructed (as described in the
Image Reconstruction section), since this allows for the
most efficient processing capability 1n terms of speed. Col-
umn processor 1430 adds partial image pixels provided from
the row processors with partial 1mage pixels from other row
processors assigned to the same 1mage pixels to create a
completed image pixel information for each image pixel that
makes up the image plane.
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FIG. 12 represents an embodiment of a circuit 1200 that
combines the functions of the row-to-column translator 1420
and column processor 1430. Each column imput to circuit
1200 includes an 1nput register 1660 and a memory 1670. In
a preferred embodiment, each memory 1670 and input
register 1660 handles 1image pixel information received from
six row processor modules 1100. The output of each
memory 1670 1s output to multiplexor 1680 that outputs a
signal that comprises 1mage pixel information stored in a
memory 1670. The data for a column of information is
passed through multiplexor 1680 to an adder 1700. Adder
1700 combines information together that relate to the same
image pixel. If the resulting pixel information for a particu-
lar 1mage pixel 1s incomplete because there 1s further image
information for that image pixel that has not y et been
processed, then that incomplete pixel information 1s stored
at a memory 1705. In an embodiment, memory 1705 com-
prises a register and an off-board memory. When additional
image 1nformation for that same 1mage pixel arrives at adder
1700, then the previously stored pixel information i1s
returned to the adder 1700 to be combined with the addi-
tional information. If all the 1mage information that is
expected to arrive for a particular image pixel has already
been processed, then the pixel information for that 1image
pixel 1s passed to memory 1710 or 1715. This information 1s
then delivered to the correction look-up table 1310 and a
corrected set of 1mage 1nformation for an array of image
pixels is delivered to an image frame buffer 1330 (FIG. 10).

As stated above, a selection processor 1340 receives the
corrected 1mage pixel information from image frame buifer
1330. Selection processor 1340 contains circuits to process
the pixels 1n an 1mage plane to assist 1n determining which
of the 1mage pixels at a particular X and y coordinate from
the various 1mage planes are chosen for display. In the
presently preferred embodiment, the selection processor
quantifies the gradient value for each image pixel in the
reconstructed 1image planes. An embodiment of a selection
processor 1330 comprises a selection mnput filter 1810, a
FIFO memory 1820, a selection gradient generator 1830,
and a selection output filter 1840.

The selection 1nput filter 1810 functions to “smooth™ data
by ameliorating differences between adjacent 1image pixels
caused by noise. The presently preferred selection input
filter 1810 1s a lowpass filter, such as a “boxcar” filter that
takes the moving average value of a group of 1mage pixels
surrounding any 1mage pixel. For example, an embodiment
of a boxcar {ilter can generate a moving average based upon
a shifting group of nine 1image pixels. To illustrate, shown 1n
FIG. 13a 1s a representative group of image pixels 1357. The
calculated filter value for image pixel 1351 1s derived from
an average of the values of the nine image pixels within box
1352. The calculated filter value for 1image pixel 1333 1s
derived from an average of values for the nine 1mage pixels
within box 1354. The filtering process 1s performed for the
entire 1mage plane by sequentially generating this moving
average for every 1mage pixel in the plane.

Note that 1f an average value has already been derived for
the nine 1mage pixels 1 box 1352, then 1t 1s not necessary
to add all the individual values of the nine 1mage pixels in
box 1354 to derive the average of those 1mage pixels.
Instead, the average value of the nine 1image pixels 1 box
1354 can be derived by taking the already-calculated sum of
the values 1n box 1352, then subtract the value of the three
image pixels 1 circled column area 1355, and then adding
the value of the three 1image pixels in circled column area
1356. It can be appreciated that this optimization can also be
performed when the 1image pixel under examination 1s on the
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next row. Thus, for an 1mage pixel in the next row, an
average can be derived by subtracting the value of a group
of three 1mage pixels 1n a particular area of a previous row
of 1mage pixels, while adding the value of a group of three
image pixels 1n a particular area of the next row.

Shown 1n FIG. 13b 1s a diagram of an embodiment of a
selection input filter 1810 that can perform this type of
filtering. Image pixel information 1s received though a FIFO
1358. Image pixel information from a prior area of an 1mage
pixel column had been stored in FIFO 1359. When the new
information arrives through FIFO 13358, it 1s sent through a
register 1361 and gate 1362 to a subtractor 1365. The
previously stored image pixel information stored in FIFO
1359 1s sent through a resister 1360 to the subtractor 13635,
where 1t 1s subtracted from the new 1mage pixel information.
The output of the subtractor 1365 is sent to an adder 1366,
where 1t 1s added to previously processed information for an
arca ol an 1mage pixel array that had been stored in FIFO
1363. The output of adder 366 1s sent to FIFO 1363, where
it awaits farther addition to other pieces of information. In
addition, the output of adder 1366 is sent to a subtractor
1369, where 1t subtracts a stored value from memory 1368
corresponding to a prior area of an 1mage pixel row. The
output of the subtractor 1369 1s fed to an adder 1370, where
it 1s added to a value that corresponds to an area of an 1mage
pixel.

The filtered 1image pixel values are sent to a FIFO memory
1820 (FIG. 10). FIFO memory 1820 controls the flow of data
between selection input filter 1810 and the selection gradient
generator 1830. Selection gradient generator 1830 performs
computations to produce a quantifiable selection or gradient
value that represents whether a particular image pixel at an
X and y coordinate 1n an 1mage array should be selected as
the display pixel at that coordinate on a display 1image. In the
preferred embodiment, this quantifiable selection value 1s
generated by determining the gradient (e.g., the variation)
for each 1mage pixel with respect to its neighboring image
pixels. In an embodiment, the gradient 1s determined by
taking the absolute value of the difference of each image
pixel and the 1mage pixel that are above, below, on the right
and on the left of that image pixel. However, other methods
of gradient determination may be used in accordance with
present 1nvention without departing from the scope and
spirit of the present invention. For instance, it 1s possible to
determine the square root of the sum of the squared ditfer-
ences between ecach 1mage pixel and adjacent or other
neighboring 1image pixels.

FIG. 14a illustrates a process for gradient determination
according to an embodiment of the invention. Shown 1n FIG.
14a 1s a portion of an 1mage pixel array on a first 1mage
plane. As stated above, the gradient determination for an
image pixel can be performed by taking the absolute value
of the difference between the values of two opposing image
pixel neighbors. Thus, the gradient determination for 1image
pixel 1802 includes calculating the absolute value of the
difference between the value of 1ts neighboring image pixels
1804 (Val 5) and 1806 (val=5). Since the absolute value of
(5—5) is 0, image pixel 1802 is represented by a low
oradient value. In other words, since the absolute difference
value for the neighboring 1mage pixels of 1mage pixel 1802
1s low, the level of “detail” to be shown by this image pixel
1s also low. Therefore, the gradient value that has been
derived for this image pixel indicates that it 1s not likely to
be selected for display. For the sake of clarity and
explanation, the difference between only two neighboring
image pixels 1s illustrated here; however, as stated above,
additional methods can be employed to determine the gra-
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dient value, mcluding performing the absolute difference
calculations for many more neighboring 1mage pixels.

FIG. 14b depicts the same 1mage pixel coordinates as
shown 1n FIG. 144, but 1s located on a second image plane.
Thus, 1mage pixel 1808 in FIG. 14b has the same x and y
coordinates as 1image pixel 1802 1n FIG. 14a. The gradlent
value derived for image pixel 1808 1s the absolute difference
of the values of its neighbor pixels 1809 (val=10) and 1812
(val=1). Since the absolute value of the difference between
these two neighbor pixels 1s 9 (abs(10-1)), the gradient value
for image pixel 1808 1s relatively high. Thus, this determi-
nation 1ndicates that 1mage pixel 1808 has a higher gradient
value (and therefore shows more detail) than image pixel
1802, and 1s more likely to be selected as the 1image pixel to
be displayed at their corresponding X,y coordinates on the
display 1mage.

FIG. 14¢ diagrams an embodiment of a selection gradient
cgenerator 1830. In FIG. 14c¢, selection gradient generator
1830 comprises four gradient processors 1831, 1832, 1833,
and 1834. Each gradient processor calculates the gradient
value for an 1mage pixel. In the present embodiment, the
oradient values for a group of four image pixels are averaged
together (by adders 1841, 1842, 1843 and accumulator
1844) to produce a group gradient value. The group gradient
value allows each group of four image pixels in an 1mage
plane to be considered for display together as a group, rather
than 1ndividually on a pixel-by-pixel basis. This can help
prevent harshness in the display image when unrelated (and
possibly mismatched) image pixels are individually selected
and displayed 1n the display image. Alternatively, selection
oradient generator 1830 can generate individual gradient
values for each image pixel, so that each 1mage pixel can be
individually judged for 1ts appropriateness for display.

Gradient processor 1831 includes multiplexors 1851 and
1852 to receive 1mage pixel values for neighboring image
pixels along opposing sides of the 1mage pixel for which a
oradient value 1s being calculated. Subtractor 1853 performs
the differencing calculation between the 1mage pixel values
of the neighboring image pixels. The absolute value of the
difference 1s calculated by ADD/SUB unit 1854, and the

final gradient value for the 1image pixel 1s then output to the
adder 1841. Gradient processors 1832, 1833, and 1834
include a similar set of structures.

The gradient information 1s then provided through register
1846 to a sclection output filter 1840 (FIG. 10), which
preferably performs the same functions that are performed
by the selection 1nput filter 1810. That 1s, selection output
filter 1840 takes the average value for a group of gradient
information corresponding to a group of 1mage pixels
around a specific gradient value and substitutes the average
value for the gradient information for each 1mage pixel.
Thus, 1in the preferred embodiment, selection output filter
1840 comprises the circuits and performs the functions that
are described 1n more detail with respect to selection 1nput
filter 1810 (FIGS. 13a and 13b).

Referring to FIG. 15, an image selection module 750
receives signals representing gradient values from the selec-
tion output filter 1840. The gradient values that are 1nput into
image selection module 750 during each cycle correspond to
image pixels that have the same x and y coordinates but are
located on different 1mage planes. The gradient values are
input 1nto one or more selection magnitude circuits 2110.
Each of the selection magnitude circuits 2110 compares two
oradient values. The selection magnitude circuit 2110 selects
the gradient value that 1s the greater of the two gradient
values 1nputs. Each magnitude selection circuit 2110 has
assoclated with 1t a selection multiplexor 2120. Selection
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multiplexor 2120 contains information indicating the plane
reconstruction module 730 from which each of the image
pixels or gradient values was produced.

In operation, each selection magnitude circuit 2110,
except for the last magnitude selection circuit 2115 located
at the lowest position 1 1mage selection module 750,
outputs the selected gradient value to a selection magnitude
circuit 2110 below it. Each selection magnitude circuit 2110
also provides a signal to its corresponding selection multi-
plexor 2120 instructing the selection multiplexor 2120 to
output the plane location information mdicative of the image
plane reconstruction module 730 from which the 1mage
pixel or gradient value was selected. The plane location
information 1s output to either a selection multiplexor 2120
associated with the selection magnitude circuit 2110 below
the current one or to the output multiplexor 2130 1n the case
of the last selection multiplexor 21235.

The presently preferred plane selector 752 includes four
rows of magnitude selection circuits 2110. The {first row
2140 preferably mncludes a number of magnitude selection
circuits 2110 equal to half the number of image plane
reconstruction modules 730. Thus, 1f the number of 1mage
plane reconstruction modules 1s sixteen then there are pret-
erably eight magnitude selection circuits in the first row
2140. The second row 2150 preferably includes half the
number of magnitude selection circuits as the first row 2140
and third row 2160 preferably includes half the number of
magnitude selection circuits 2110 as second row 2150. The
last selection magnitude circuit 2115 outputs the highest
magnitude gradient values for the image pixels that have the
same X,y coordinates but are located on different image
planes. The last selection magnitude circuit 2115 therefore
determines which specific image pixel 1s selected for display
Or processing.

The above-described structure is efficient 1n that it com-
pares two 1mage pixels and then discards the one that cannot
be selected. Therefore, the ones that cannot be selected 1s
automatically discarded without doing additional compari-
sons or using a large matrix to perform calculations. This
improves the processing speed of the imaging system and
reduces the number of components utilized to perform
processing. Plane select image bulfer 754 receives the plane
location of the selected 1mage pixel through a multiplexor
2165 and output register 2170. Tiled image controller 2180
allows the display of pieces of each image. The tiled image
controller allows the user to select for display or processing
specific 1mage pixels without regard to the 1image plane or
location. For example, a user can select two or more 1mage
pixels that have the same x, y coordinates but are located on
different 1mage planes.

Referring to FIG. 8, the signals representing image pixel
information for image pixels selected for display is sent to
an 1mage processor 760. Image preprocessor 760 contains
circuitry for calibrating brightness of the display by deter-
mining the magnitude of the 1mage pixels 1n various regions
with region-of-interest summer 761. Region-of-interest
summer 761 combines image pixels located 1n the same areca
of a display plane selected for display. The output of
region-of-interest summer 761 can be used to determine
whether to alter the intensity of the electron beam in the
source to adjust x-ray intensity of the system. The output of
the region-of-interest summer 761 1s also provided to digital
video 1mterface 763 for output to video post processor 770
for calibration of the brightness of a display monitor 1080.
The preprocessor image buifers 764 provide information to
preprocessor look-up table 765 that performs gamma cor-
rection functions on the 1mage pixels selected for display.
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The corrected 1mage pixels can be provided to a digital-to-
analog converter 766 for use 1n an analog display.

Digital video interface 767 supplies the processed image
pixels from the 1mage preprocessor 760 to the video post
processor 770. The mmformation output from 1mage prepro-
cessor 760 1s output to video post processor 770 that
operates the display 1080, which are preferably standard
video monitors. Video post processor 770 also preferably
contains circuitry for storing the outputted 1mage pixels for
storage to be replayed or used for other computations.

While the embodiments, applications and advantages of
the present 1nvention have been depicted and described,
there are many more embodiments, applications and advan-
tages possible without deviating from the spirit of the
inventive concepts described herein. Thus, the inventions
are not to be restricted to the preferred embodiments,
specification or drawings. The protection to be afforded this
patent should therefore only be restricted 1n accordance with
the spirit and mtended scope of the following claims.

What 1s claimed 1s:

1. An 1mage reconstruction system comprising:

a reconstruction processor comprising a reconstruction
processor input and a reconstruction processor output,
said reconstruction processor input configured to
receive X-ray transmissiveness information, said recon-
struction processor output configured to output 1mage
pixel information corresponding to X-ray transmissive-
ness Information for positions at particular depths
within of said object;

a selection processor at which 1mage data corresponding
to a plurality of depths within said object are selected,;

a display device having a display 1image comprising said
image data; and
a correction look up table comprising data to correct said

image data.
2. An 1mage reconstruction system comprising:

a reconstruction processor comprising a reconstruction
processor input and a reconstruction processor output,
said reconstruction processor input configured to
receive X-ray transmissiveness information, said recon-
struction processor output configured to output 1image
pixel information corresponding to X-ray transmissive-
ness 1nformation for positions at particular depths
within of said object;

a selection processor at which 1mage data corresponding
to a plurality of depths within said object are selected;
and

a display device having a display image comprising said
image data;

wherein said reconstruction processor COmprises:

a plurality of row processors each comprising a row
processor mput and a row processor output, said row
processor mput receiving said information correspond-
ing to a row of positions 1n said object and said row
processor output providing partial 1mage pixel infor-
mation; and

a plurality of column units each comprising an column
unit input and a column unit output, said column unit
input receiving said partial image pixel information and
said column unit output providing said image pixel
information.

3. The 1mage reconstruction system of claim 2 wherein
cach column unit comprises a row to column translator
comprising a translator input and a translator output, said
translator mput receiving said partial image pixel informa-
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fion and a column processor comprising a column processor

input and a column processor output, said column processor

input coupled to said translator output and said column

processor output providing said image pixel information.
4. An 1mage reconstruction system comprising:

a reconstruction processor comprising a reconstruction
processor mput and a reconstruction processor output,
saild reconstruction processor input configured to
receive X-ray transmissiveness information, said recon-
struction processor output configured to output 1mage
pixel information corresponding to X-ray transmissive-
ness Information for positions at particular depths
within of said object;

a selection processor at which image data corresponding
to a plurality of depths within said object are selected,;
and

a display device having a display image comprising said
image data;

wherein said selection processor comprises a gradient
generator that generates a gradient value for neighbor-
Ing 1mage pixels.

5. The 1mage reconstruction system of claim 4 wherein
said selection processor further comprises a selection 1nput
filter and a selection output {ilter.

6. An 1mage reconstruction system comprising:

a reconstruction processor comprising a reconstruction
processor input and a reconstruction processor output,
said reconstruction processor input configured to
receive X-ray transmissiveness information, said recon-
struction processor output configured to output image
pixel information corresponding to X-ray transmissive-
ness information for positions of said object;

a selection processor at which image data corresponding
to said object are selected, wherein the selection pro-
cessor does not select the 1image data based upon a
planar relationship of the selected image data; and

a display device having a display image comprising said
image data.

7. The 1mage reconstruction system of claim 6 further
comprising a scanning beam Xx-ray 1maging system, said
scanning beam X-ray 1maging system generating said x-ray
fransmissiveness mnformation.

8. The 1mage reconstruction system of claim 6 further
comprising a computed tomography imaging system, said
computed tomography imaging system generating said x-ray
fransmissiveness information.

9. An 1mage reconstruction system comprising:

one or more first signals comprising x-ray transmissive-
ness information for an object;

one or more second signals comprising pixel information
for a plurality of depths within said object, said pixel
information comprising selected combinations of said
X-ray transmissiveness information; and

one or more third signals comprising a display image, said
display 1image comprising selected data from said pixel
information, said selected data from said pixel infor-
mation corresponding to 1image pixels at varying depths
within said object;

wherein said one or more third signals are generated
based upon the gradient between neighboring 1mage
pixels.

10. An image reconstruction system comprising:

a first processor at which image pixel information for a
plurality of depths within an object to be 1maged 1s
generated;
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a second processor at which particular image pixel 1nfor-
mation for display corresponding to various depths
within said object from said image pixel information
are selected; and

a display device having a display 1image comprising said
particular 1mage pixel information;

wherein said first processor comprises:

Oone Or more row processors, saild one or more row
processors receiving information corresponding to a
row of positions of a plurality of positions 1n said
object and generating partial 1image pixel informa-
tion; and

one or more column units, said one or more column
units receiving said partial 1mage pixel information
from said one or more row processors and generating,
said 1mage pixel information.

11. An 1mage reconstruction system comprising:

a first processor at which image pixel information for a
plurality of depths within an object to be 1maged 1s
generated;

a second processor at which particular image pixel infor-
mation for display corresponding to various depths
within said object from said image pixel information
are selected; and

a display device having a display image comprising said
particular 1mage pixel information;

wherein said first processor further comprises a selection
processor, said selection processor receiving said
image pixel information and outputting pixel selection
information.

12. The image reconstruction system of claim 11 wherein
said selection processor comprises a gradient generator.

13. The 1mage reconstruction system of claim 11 wherein
said selection processor comprises a selection input filter
and a selection output filter.

14. An 1mage reconstruction system comprising:

a first processor at which image pixel information for an
object to be 1maged 1s generated;

a second processor at which particular image pixel infor-
mation for display corresponding to said object from
said 1mage pixel information are selected, wherein the
second processor does not select the particular 1mage
pixel information based upon a planar relationship of

the selected particular image pixel information; and

a display device having a display image comprising said

particular 1mage pixel information.

15. The 1image reconstruction system of claim 14 further
comprising a computed tomography 1maging system, said
computed tomography 1maging system generating X-ray
transmissiveness information, said first processor receiving
sald x-ray transmissiveness information.

16. The 1mage reconstruction system of claim 14 further
comprising a scanning beam Xx-ray 1maging system, said
scanning beam X-ray 1maging system generating x-ray trans-
missiveness mnformation, said first processor receiving said
X-ray transmissiveness information.

17. An 1mage reconstruction system comprising:

one or more first signals comprising x-ray transmissive-
ness information for an object;
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one or more second signals comprising pixel information
for a plurality of depths within said object, said pixel

information comprising selected combinations of said
X-ray transmissiveness information; and

one or more third signals comprising a display 1image, said
display image comprising selected data from said pixel
information, said selected data from said pixel infor-
mation corresponding to 1image pixels at varying depths
within said object, and said selected data from said
pixel information need not have a planar relationship
within said pixel information.

18. The 1image reconstruction system of claim 17 1n which

said pixel information comprises information for arrays of 15

image pixels for a plurality of image planes.
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19. The 1image reconstruction system of claim 17 1n which
said pixel information comprises information for arrays of
image voxels for a plurality of image slices.

20. The 1mage reconstruction system of claim 17 1n which
saild one or more first signals 1s generated by an x-ray
detector.

21. The image reconstruction system of claim 17 1n which
said one or more third signals are generated based upon the
maximum intensity of 1image pixels.

22. The image reconstruction system of claim 17 in which
said one or more third signals are generated based upon the
minimum intensity of 1mage pixels.

23. The 1image reconstruction system of claim 17 in which
said one or more third signals are generated based upon the
contrast between neighboring image pixels.
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